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The structural and electronic properties of SiC nanocones ͑SiCNCs͒, as a function of the disclination angle and electric field intensity and orientation, are investigated by means of ab initio calculations. Phonon analysis revealed that SiCNCs with only three disclination angles are allowed and, among these, the band gap of only one SiCNC is affected by a transverse electric field. An interpretation of these findings, from a group theoretical point of view, is also given. © 2011 American Institute of Physics. ͓doi:10.1063/1.3567535͔ Nanomaterials can find a great number of applications in modern-day technology, ranging from household to on-board satellite electronics, and because of the increasing need for speed and miniaturization of electronic devices, nanotechnology has become a very active field of study. At the same time, due the rapid development silicon carbide ͑SiC͒ technology, the existence of SiC nanostructures that can exploit the superior physical-chemical properties of SiC ͑Ref. 1͒ has been investigated and, in the last few years, many studies on SiC nanotubes have been reported in the literature. [2] [3] [4] On the contrary, little information on SiC nanocones ͑SiCNCs͒ is available. 5 This is unfortunate, because it was proven that nanocones arrays for solar panels applications can be beneficial in terms of increased optical absorption coefficient 6 and since space probes rely on photovoltaic power generation, solar panels based on SiCNCs arrays can be a valid alternative in terms of high-temperature, high-light intensity and high radiation conditions.
In this study, we investigated the structural and electronic properties of SiCNCs, obtained by rolling a single SiC layer with Si-C bond length of 1.78 Å, as a function of the disclination angle d ͑defined as the angle of the sector removed from a flat SiC sheet to form a cone͒, ranging from 60°to 300°, and of an electric field F ͑parallel or perpendicular to the cone axis͒, of intensities ranging from 0.05 to 0.20 V/Å. For this purpose, we employed the ab initio calculation code SIESTA ͑Ref. 7͒ using a double-plus polarization atomic orbitals basis set ͑a 0.02 Ry energy shift to compress the basis set was used to speed up calculations͒ and by taking the effect of core electrons into account by TroullierMartins norm-conserving pseudopontials. 8 The PerdewZunger form 9 of the local-density approximation ͑LDA͒ was used for the exchange-correlation potential. The equilibrium configuration of the investigated SiCNCs ͑with hydrogen passivated dangling bonds͒ was obtained by relaxing the atomic coordinates with a conjungate gradient algorithm until the maximum atomic forces were less than 0.020 V/Å and the stress tensor less than 0.5 GPa. The charge density was projected onto a real space grid with an equivalent cutoff of 70 Ry ensured the convergence of the ⌫-point calculations.
We also employed the Perdew-Burke-Ernzerhof ͑PBE͒ ͑Ref. 10͒ form of the generalized gradient approximation ͑GGA͒ for the exchange-correlation potential and the calculated band gap width, E GAP , and spontaneous dipole moment, D, are also shown in parenthesis in Table I , for comparison.
The stoichiometry of the investigated SiCNCs is reported in Table I and, it can be seen that, except for d = 120°and 240°, they can be classified into C-rich or Si-rich. It can be noted that C-rich SiCNCs possess a wider E GAP than Si-rich SiCNCs and also wider d corresponds to more narrow E GAP , because of increased curvature effect. 2 The symmetry of all the investigated SiCNCs ͑third column of Table I͒ is C s with the exception of d = 120°, C 2v , which, interestingly, corresponds to the highest E GAP value. Knowing the symmetry of the investigated SiCNCs is particularly useful because, being C s or C 2v , this implies the presence of a spontaneous D which, as it can be seen in the sixth column of Table I , is indeed the case ͑D is parallel to the cone axis or slightly deviating from it͒. In the last column of Table I , the binding energy per atom, E B , as defined in Ref. 4 shows no correlation to either d or point group symmetry, and the values are 1-2 eV larger than those reported by Mavrandonakis et al. 5 in nanotube-based conical nanostructures, possibly due to the different calculation method employed.
In order to check the structural stability of the SiCNCs of the present study ͑or, equivalently, that the relaxed geometry is preserved͒, we analyzed the phonon modes ͑at the a͒ Electronic mail: giovanni@semicon.kuee.kyoto-u.ac.jp. 7 This analysis provides a reliable stability test, as the presence of imaginary phonon frequencies suggests that the system is structurally unstable and a structural transformation can occur. Our results indicate the presence of imaginary frequencies in all the investigated SiCNCs, with the exception of the C 36 Si 34 H 20 ͓d = 60°, C s , Fig. 1͑a͔͒, C 32 Si 32 H 16 ͓d = 120°, C 2v , Fig. 1͑c͔͒ , and C 46 Si 38 H 10 ͓d = 300°, C s , Fig. 1͑g͔͒ . We point out that the three stable SiCNCs are either C-rich or possess a ratio of C / Si= 1, in agreement with the literature. 11 Yet, this is not sufficient to justify their stability, as the other C-rich or C / Si= 1 SiCNCs display imaginary phonon frequencies.
Charlier and Rignanese 12 suggested that the presence of particular topological defects at the tip can contribute to the stability of nanocones. We take advantage of this finding to analyze the tip of our SiCNCs and propose a criterion for determining their stability. As it can be seen in Fig. 1 
Next, we analyze the effects of F Ќ and F ʈ , the electric field perpendicular and parallel to the cone axis, respectively, on E B and E GAP for the three stable SiCNCs. No effect of the intensity and orientation of F on E B could be observed for neither of the three SiCNCs. Analogously, negligible effects on the E GAP can be observed for the d = 60°SiCNC In Fig. 2 , the behavior of the lowest unoccupied and highest occupied molecular orbital, LUMO ͑red͒ and HOMO ͑yellow͒, respectively, is shown for the C 36 Si 34 H 20 and C 32 Si 32 H 16 SiCNCs. It can be seen that application of either F Ќ ͓Fig. 2͑b͔͒ or F ʈ ͓Fig. 2͑c͔͒, with intensities of 0.20 V/Å, on the C 36 Si 34 H 20 cone yields no effect on the molecular orbitals and, in fact, no change is observed on the E GAP values. For the case of C 32 Si 32 H 16 , F Ќ = 0.20 V / Å results in the rearrangement of the HOMO ͑negative charges͒ and LUMO ͑positive charges͒ along the direction of field, at two opposite sides of the SiCNC. This means that two regions are formed, one of low ͑HOMO͒ and one of high ͑LUMO͒ electrostatic potential that, in terms of energy, contribute to the lowering of the LUMO and the rising of the HOMO, thus shrinking the E GAP . When F ʈ is applied, no rearrangement of either HOMO or LUMO can be noted and E GAP does not change. As the SiCNC with C 2v symmetry is more responsive to F Ќ than those with C s symmetry it is straightforward asking whether or not this can be interpreted by using group theory. To do this, for simplicity, we consider only the HOMO, namely the C-atoms of the C 36 
͑2͒
This suggests that the application of a F Ќ to a SiCNC with C 2v symmetry results in the coupling of ⌫ C 2v DV with a final state containing the term ͑10A 2 +6A 1 +8B 2 +8B 1 ͒ not present in the initial. On the contrary, no change in the initial and final states is observed when either F Ќ or F ʈ is applied to a SiCNC of C s symmetry, suggesting that the response to an electric field is different from that of SiCNs with C 2v symmetry ͑nil or slower response͒.
In conclusion, phonon analysis revealed that SiCNCs with d = 60°, 120°, and 300°and C / SiՆ 1 are stable and only the E GAP of the SiCNC with d = 120°, is affected by a transverse F. These findings were interpreted by means of group theory, by considering the correspondence between the point group symmetry of the cone with that of the shape of the tip and in terms of symmetry change in the irrep of the HOMO, when an electric field is applied.
